Effect of Silicon on Wheat Growth and Development in Drought and Salinity Stress by Tibbitts, Spencer A.
Utah State University 
DigitalCommons@USU 
All Graduate Theses and Dissertations Graduate Studies 
5-2018 
Effect of Silicon on Wheat Growth and Development in Drought 
and Salinity Stress 
Spencer A. Tibbitts 
Utah State University 
Follow this and additional works at: https://digitalcommons.usu.edu/etd 
 Part of the Plant Sciences Commons 
Recommended Citation 
Tibbitts, Spencer A., "Effect of Silicon on Wheat Growth and Development in Drought and Salinity Stress" 
(2018). All Graduate Theses and Dissertations. 6925. 
https://digitalcommons.usu.edu/etd/6925 
This Thesis is brought to you for free and open access by 
the Graduate Studies at DigitalCommons@USU. It has 
been accepted for inclusion in All Graduate Theses and 
Dissertations by an authorized administrator of 
DigitalCommons@USU. For more information, please 
contact digitalcommons@usu.edu. 
 
 
EFFECT OF SILICON ON WHEAT GROWTH AND DEVELOPMENT  
IN DROUGHT AND SALINITY STRESS 
by 
Spencer A. Tibbitts 
A thesis submitted in partial fulfillment 
of the requirements for the degree 
of 
MASTER OF SCIENCE 
in 
Plant Science 
(Crop Physiology) 
 
 
Approved: 
 
 
_________________________                 ________________________    
Bruce Bugbee, Ph.D.                                 Jeanette M. Norton, Ph.D. 
Crop Physiology                                        Soil Microbiology  
Major Professor                                         Committee Member                                                      
 
 
_________________________                _________________________ 
Brent L. Black, Ph.D.                                Mark R. McLellan, Ph.D. 
Fruit Physiology                                        Vice President for Research and 
Committee Member                                  Dean of the School of Graduate Studies 
 
                                                     
 
 
UTAH STATE UNIVERSITY 
Logan, Utah 
 
2018  
ii 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Copyright © Spencer A. Tibbitts 2018 
 
All Rights Reserved
iii 
 
  
 ABSTRACT 
Effect of Silicon on Wheat Growth and Development  
in Drought and Salinity Stress 
by 
Spencer A. Tibbitts, Master of Science 
Utah State University, 2018 
Major Professor: Dr. Bruce Bugbee 
Department: Plants, Soils, and Climate 
Silicon (Si) is a major component of soils and is 0.1-10% of the dry mass 
of nearly all higher plants.  Early studies on the effect of Si on plant growth were 
inconclusive, likely because of the difficulty of excluding Si from the growing 
media, but studies that are more recent indicate that Si can have a beneficial 
effect on many aspects of plant growth, most notably in rice.   
 Here we report the effect of supplemental silicon (Si) on wheat (Triticum 
aestivum cv. ‘USU-Apogee’) from studies in a mini-lysimeter system that 
imposed drought stress and a hydroponics system that imposed salinity stress. 
Seed yield increased with increasing Si from zero to 0.3 mM in the hydroponic 
salinity stress study (p=0.02), but there was no effect of Si in the drought stress 
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study (p=0.20).  Mass balance measurements of Si in the hydroponic systems 
indicated that the uptake of Si was an active process, as the concentration of the 
Si in the hydroponics solution dropped considerably faster than would be 
explained by passive uptake. There was no effect of Si on harvest index, mass 
per seed, and seeds per head.  Awns were visually twisted without Si in the root-
zone solution.  Si accumulated primarily in the leaves and chaff, with very little 
entering the seed. There were significant effects of increased Si on nutrient 
concentrations in leaves.  The evidence for active uptake in wheat warrants 
further study.  
(93 pages) 
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 PUBLIC ABSTRACT 
Effect of Silicon on Wheat Growth and Development  
in Drought and Salinity Stress 
Spencer A. Tibbitts  
Silicon is a major component of most soils, and is found in significant 
concentration in plant tissue. Plants vary widely in the amount of silicon they take 
up, with some plants excluding it, and others using transporters to move the 
silicon from the soil into their roots. Early plant physiology studies were unable to 
determine conclusively whether silicon was essential to plant growth, but for 
some plants, most notably rice, it has proved to be important enough to justify 
fertilizing silicon deficient fields. 
Researchers at the USU Crop Physiology Lab tested the effect of silicon 
on wheat growth and seed yield components.  One study was grown in buckets 
of peat moss, with half the buckets being stressed with low water. The other 
study was grown in hydroponic tubs, with half the tubs being stressed with high 
levels of salt. 
The results from these studies showed that silicon does increase wheat 
seed yield and vegetative mass. Wheat with low levels of silicon exhibited 
twisting of the awns and decreased roughness of leaf surfaces. Silicon also 
improved water efficiency of drought stressed plants, and affected the 
concentration of many micro- and macro-nutrients in leaf tissue. 
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 INTRODUCTION 
In 1862, Julias von Sachs, an eminent botanist and plant physiologist 
asked “whether silicic acid is an indispensable substance for those plants that 
contain silica, whether it takes part in the nutritional processes, and what is the 
relationship that exists between the uptake of silicic acid and the life of the 
plant?” (Lewin and Reimann, 1969). Arnon and Stout (1939) defined the 
essentiality of an element using three criteria: 
1. A plant cannot complete its life-cycle without the element.
2. The element cannot be replaced with another.
3. The benefits of the element come from its use in and by the plant,
not in the correction of an outside issue such as soil pH.
Because most plants could be grown without silicon (Si), this element was 
deemed unessential by Sachs and many other plant physiologists since that day 
(Epstein, 1999).  Despite the lack of proof of whether silicon was essential or not, 
a breakthrough occurred when a Japanese scientist named Isenosuke Onodera 
published results in 1918 showing that Si provided benefits to rice. Onodera’s 
study showed that rice grown without adequate Si was more prone to blast, an 
important plant disease 
Even after this study, many plant scientists have continued to dismiss Si 
because it had not been proven to be essential. However, the ubiquity of Si in the 
environment, and the fact that it is taken up in large quantities by plants, has 
made it impossible to ignore. Epstein (1994) notes that while plants grown 
without supplemental Si added may do well enough, it is practically impossible to 
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exclude it completely. This was shown during an experiment by Woolley (1957) 
on tomatoes, where he went to great lengths to minimize the amount of Si 
contamination. Despite all his measures, the Si deprived plants had a Si content 
of 4.2 ppm in the shoots, which is near to the amount of boron, copper or 
molybdenum that is needed. Epstein (1994) states that with results such as 
these, it is impossible to conclusively state that Si is inessential.  
Despite being studied for over 200 years, the question remains: does Si 
improve plant growth and yield, and does it contribute to the defense against 
disease and predation?  
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 LITERATURE REVIEW 
Silicon Forms in the Soil and in Plants 
Silicon is one of the primary components of almost all soils. In fact, next to 
oxygen, Si is the most prevalent element in the earth, and forms of Si such as 
quartz and aluminosilicates often contribute as much as 75-95% of the inorganic 
fraction of mass (Jackson, et. al, 1949).  
One source of confusion when describing the role of Si in plants is that it 
undergoes several chemical transformations during the storage, transport, and 
deposition phases. Adding to the confusion is the fact that while it may have the 
same chemical formula (SiO2, for example) during different phases, the structure 
can be completely different. It should be noted that SiO2 is often called silica, but 
can also be called silicon dioxide. Silica can take many forms or polymorphs that 
have different structures and physical properties. 
Fig. 1. Cross-section of a quartz 
crystal (Lavinsky, 2010). Fig. 2. Partial structure of a quartz matrix. (Anon., 2009). 
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A major source of Si in the soil is quartz-containing rocks (Fig. 1). Quartz 
is composed of SiO2 molecules in a crystalline structure (Fig. 2), where each Si 
atom is paired with four oxygen atoms. Because of the strength and rigidity of 
this structure, it has a hardness rating of 7 on Mohs scale. Additionally, under 
naturally occurring temperature ranges, it dissolves extremely slowly in water, to 
the point that it could be considered negligible for plant uptake (Morey et al., 
1962). Besides quartz, there are many other, but less common, crystalline 
versions of silica. These include tridymite, cristobalite, faujasite, and keatite, 
among many others. The secondary aluminosilicate clay minerals including 
kaolinite or smectites form a large component of many soils. 
A more soluble form of Si in the soil is amorphous silica, also called opal. 
Like quartz, this form also has the chemical formula of SiO2, but does not have a 
crystalline structure. Under normal conditions, amorphous silica is hydrated, and 
the chemical formula is written as SiO2•nH2O, where n is the number of water 
molecules per silica molecule. The affinity that amorphous silica has to water is 
used to create the common desiccant 
pouches used everywhere from beef 
jerky packages to shoes. Amorphous 
silica is formed into beads and dried 
under heat, after which the beads 
become very hydrophilic, and quickly 
absorb moisture. After becoming 
Fig. 3. An opal gemstone (Harrison, 
2009). 
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saturated with water, they are easily recharged by heating again. Amorphous 
silica is also used in large quantities by industry as an additive to shoe and tire 
rubber to increase durability. As its other common name of opal suggests, 
amorphous silica is also mined and used as a semi-precious gemstone for 
jewelry (Fig. 3). 
The concentration of the silicic acid in the soil solution has been reported 
to be between 0.1 and 0.6 mM (Epstein, 1994). Soil pH effects the solubility of Si 
deposits, as Si dissolves faster when the pH is higher. Thus, the use of liming 
agents may cause Si to become more available to the plants (Guntzer et al., 
2012). Si is mobile in the transpiration stream, where it is found as uncharged 
silicic acid (H4(SiO4) or Si(OH)4) (Ma and Yamaji, 2008). Table. E-2 shows the 
effect that pH has on the activity of the different silicic acid species. When the 
sap reaches the leaves of a plant, the Si becomes concentrated until it 
polymerizes into hydrated amorphous silica (SiO2•nH2O), and is deposited on 
leaf surfaces or in cell walls (Mitani et al., 2005). Once deposited, these 
accumulations of Si are not remobilized. Interestingly, some of these deposits 
(known as phytoliths), are distinctive enough that archeologists can determine 
the diet of prehistoric animals and people based on what phytoliths they find in or 
around fossils (Smithsonian, 2006).  
Because many common crops are Si accumulators, the soil Si can 
decrease when the biomass is removed. An analysis of long-term wheat plots at 
Rothamsted found that over an 80 year period, straw samples showed a 
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decrease in Si concentration, probably from the depletion of the phytoliths in the 
soil (Guntzer et al., 2012). Gocke et al (2013) found that wheat grown with 
crystalline forms of Si (quartz and anorthite) did not take up significant amounts 
of the silica compared to a 0 Si control. This may mean that phytoliths from 
previous generations of plants may be the primary source of Si available to 
plants, and as this sink is depleted, crops that are benefited by Si may show 
increasing signs of Si deficiency.  
Reynolds et al. (2009), note that some studies differ in how the Si was 
applied to the plant, in that some researchers applied the Si to the foliage, while 
some applied it into the root-zone. They continue that the foliar application 
method has been reported to provide protection against insects and diseases, 
but it likely does not actually make it into the leaves, while, as noted above, Si 
applied to the root-zone can accumulate inside the plant tissues.  
 
Genetic Variation in Silicon Uptake and Transport 
It has been known for over 200 years that plants vary widely in how much 
Si they absorb from the soil solution. In 1805, Nicholas-Théodore de Saussure 
(1805, Translated 2012) published the results of “ashing” studies he had 
performed on many different plant species. He found that up to 33% of wheat ash 
was silica, while only 12% of corn ash was silica. Furthermore, he discovered 
that woody plants only accumulated silica in their leaves. These studies are 
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consistent with current results, though de Saussure did not understand the 
mechanisms that would cause these outcomes.  
Some plants absorb more Si from the soil solution than can be explained 
by mass flow alone. These are often referred to as “accumulators”. Others 
absorb less Si than is available in the soil solution, and are called “non-
accumulators”.  Recent studies indicate that Si may be actively absorbed by 
some plants.  The Plant Stress Physiology group at Okayama University in Japan 
has performed many studies to determine how plants transport Si into the roots 
and then into the xylem. They have thus far discovered transporters in rice that 
move the Si into the root cells (which they named Lsi1) (Yamaji and Ma, 2007), 
from the roots to the vascular tissue (named Lsi2)  (Ma et al., 2007), and from the 
xylem into the shoots and leaves (Yamaji et al., 2008). This means that the 
plants are using energy to move the Si into the roots, against the concentration 
gradient, allowing the plants to accumulate far more Si than they would by 
passive diffusion alone.  
Rains et al (2006) conducted studies to determine the extent of active 
uptake of Si in wheat.   Wheat was grown in solutions containing Na2SiO4 with a 
concentration range of 0.004 to 1.0 mM. The roots were then excised, weighed, 
and the amount of Si taken up calculated. They found that Si uptake in wheat 
followed Michaelis-Menten kinetics, with a Vmax of 4.49 µmol gfw-1 root h-1 and a 
Km of 0.086 mM. Additionally, they studied the competitive effect that phosphate 
(PO4) and germanium (Ge) have on Si uptake. Phosphate was not found to 
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influence Si uptake, even when the concentration of the phosphate was five 
times greater (0.1mM Si and 0.5 mM PO4). Germanium did interfere with the 
uptake of Si, and Si with the uptake of Ge, likely because they are both found in 
group 14 of the periodic table, and have many similar chemical properties. 
Finally, Rains el al (2006) studied the effect of metabolic inhibitors on Si uptake 
by adding 2, 4-Dinitrophenol (DNP) and potassium cyanide (KCN) concentrations 
of 0.1 mM to nutrient solutions. These metabolic inhibitors would reduce the 
energy (mostly ATP) for active uptake.  The DNP reduced Si uptake by 90%, 
while the KCN reduced Si uptake by 50%. These studies provide confirmation 
that plants are using metabolic energy to uptake Si actively. 
Gocke et al (2013) looked at the effect of the Si source and pH on Si 
uptake in wheat. For their study, they grew wheat in Si-free media mixed with 
quartz, anorthite, and silica gel (amorphous Si). They also tested the effect of pH 
on the dissolution of the various Si pools by maintaining the pH of half the 
replicates at pH of 4.5, and the other half at a pH of 7. They found that pH did not 
change the rate of Si uptake by the wheat, as the crystal phases of Si did not 
dissolve significantly at either pH; thus, only the wheat grown with the silica gel 
treatment had significantly higher Si in the plant tissue than the control. 
Interestingly, they found that the control, to which no Si had been added, and 
was watered using only deionized water, still had 0.3 to 1 mg of Si accumulate 
per gram of dry mass. This is not surprising, as researchers have long struggled 
with Si contamination. 
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Silicon accumulators average a dry mass Si percentage of 2%, while non-
accumulators average 0.25%  (Takahashi and Miyake, 1977). Rice is one of the 
most prominent of the accumulators, and can have up to 10% of its dry mass as 
Si. Most of the other accumulators are also monocots, while dicots often exclude 
Si.  
Casey et al. (2004) studied Si as it is transported through the plant by 
growing wheat in Si-free solutions, and then moving them into a 0.02 mM Si 
solution containing 29Si enriched silicic acid. Xylem exudate was collected and 
analyzed for Si. The sap was found to have a Si concentration as high as 8 mM, 
400 times what the nutrient solution contained. Using nuclear magnetic 
resonance (NMR), they found only two Si species, H4SiO4, and (HO)3Si(µ-
O)Si(OH)3, mono- and di-silicic acids. 
Mitani et al. (2004) studied Si forms and concentration in rice xylem sap 
using a similar experimental design as Casey et al. (2004). They found that the 
sap of rice supplied 0.5 mM Si solution reached a concentration of 6 mM after 30 
minutes, and 18 mM after 8.5 hours. Using NMR, they found only H4SiO4, mono-
silicic acid. Because the concentrations found were considerably higher than 
would be expected from the solubility of Si, they tracked the concentration of the 
sap that was initially 18 mM, and found that over time, Si precipitated out of the 
solution. They found that the Si decreased in concentration to 13.8 mM after one 
hour at room temperature, 4 mM at 12 hours, and from there it decreased slowly 
until it reached a stable value of 2.6 mM at 48 hours. These results suggest that 
10 
 
the plants can rapidly concentrate the available Si but it must be transported to 
the desired destination quickly because the sap is supersaturated with Si, which 
will eventually precipitate and become immobile if it is not transported quickly 
enough.  
 
Role of Si in Responses to Biotic Stress 
Diseases.  Shetty et al. (2012) found that roses inoculated with powdery 
mildew and grown with 3.6 mM Si in the nutrient solution had delayed and less 
severe symptoms than those grown without Si. Dallagnol et al. (2012) showed 
that melons grown with potassium silicate applied either to the leaves or to the 
roots showed a higher resistance to powdery mildew, with the Si applied to the 
root-zone being more effective at reducing damage. Rodgers-Grey and Shaw 
(2000) found that wheat that was mulched with high-Si straw had greater 
resistance to several common diseases (including powdery mildew, foot rot, and 
brown rust) than when mulched with manure. Belanger et al. (2003) indicated 
that wheat grown with Si had a stronger resistance to powdery mildew, which 
was linked to the formation of defenses by epidermal cells. Additionally, Rémus-
Borel et al (2005) discovered antifungal compounds in powdery mildew-infected 
wheat that had been treated with Si that were not present in the untreated wheat, 
suggesting that wheat may rely on Si when it is infected with this fungus. Silicon 
also improves wheat response to blast diseases and leaf streak  
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Insects. Silicon has been shown to enhance plant resistance to insect 
damage. Almeida et al. (2009) reported that tomato (a non-accumulator) had 
enhanced resistance to Frankliniella schultzei, a type of thrips.  A review paper 
by Reynolds et al. (2009) discussed many of the effects on herbivorous insects, 
notably the increased physical roughness and reduced digestibility of the plant 
tissue from the phytoliths.  Silicon can enhance biochemical responses in wheat 
to anthracnose infections and insect feeding (Costa et al., 2011; Polanco et al., 
2012). In low-Si field conditions, Lolium perenne, (a Si accumulator) was grazed 
more aggressively than Poa annua, (a Si non-accumulator), while under high Si 
conditions, the reverse was true (Garbuzov et al., 2011). 
 
Abiotic Stress 
The effect of Si on plants under salt stress has been studied by several 
researchers.  Ahmad et al. (1992) looked at germination rate and vegetative dry 
mass of wheat grown under salt stress. The germination test showed that the 
addition of sodium silicate to the nutrient solution hastened the emergence of the 
first leaf when salt stressed, though it did not affect the overall germination 
percentage. The growth study found that plants grown in a 0.33 mM Si solution 
had a greater number of seed heads after harvest (135 days after planting). 
However, the mass per seed did not change significantly with the addition of Si, 
and the seed yield per plant was variable, with the addition of Si only improving 
yield in the salt stressed plants. 
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Tahir et al. (2006) studied the effect of salt stress on wheat grown in pots 
filled with 6 kg of a sandy loam soil. Half the pots had NaCl added until they 
reached an EC of 10 dSm-1, with the control pots having an EC of 1.16 dSm-1. Si 
was added at a rate of 0, 50 and 130 µg/g soil as calcium silicate. Shoot dry 
mass and grain yield were found to be greater for both Si positive treatments 
under normal and saline conditions, while harvest index did not significantly differ 
between the positive and negative Si treatments. 
Detmann et al. (2012) found that rice that had 2 mM Si added to a nutrient 
solution had increased crop yield, and a greater harvest index, but no increase in 
mass per seed. 
As reported in his thesis, Janislampi (2012) studied the effect of salt stress 
on corn grown in hydroponic solution. There were significant differences of the 
vegetative mass between the plants grown in the 0.0 mM Si and the 0.4 mM Si 
solutions, but not between the 0.4 mM Si and the 0.8 mM Si solutions. Though 
not discussed in the paper, he also found no interaction between the Si and the 
Salt levels (p=0.906). Janislampi also studied the effect of drought stress on the 
vegetative mass of corn and wheat grown in containers of peat. Si was added to 
the peat using a Si containing slag compound. In one of the two trials conducted, 
there was a significant increase in the dry mass of the chronically stressed plants 
that had received the added Si. The results were not consistent, as the other trial 
did not have a significant increase of dry mass. 
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Rafi et al. (1996) found that adding Si to wheat grown in hydroponics 
created physical differences in the awns which became rougher with increased 
SI, which they measured quantitatively by measuring the angle at which the awns 
would slide. They found that the awns from the +Si wheat slid at a greater angle 
than the awns from the -Si wheat. 
Tahir et al. (2012)  measured the effect of Si on shoot and root growth as 
well as on the K:Na ratio in wheat plants grown under salinity stress. Plants were 
stressed with 0 or 100mM NaCl and were treated with 0 or 2 mM Si. The plants 
were harvested after 40 days of growth. Dry mass was increased in both the 
roots and the shoots in the stressed plants when Si was added, but the 
unstressed plants did not show a significant increase in either measure. Tahir et 
al. (2012) also found that Na shoot concentration was decreased by the addition 
of Si in the salt stressed plants, and that K concentration was increased in both 
stressed and unstressed plants when Si was added, which increased the K:Na 
ratio in all Si treatments. 
Tuna et al (2008) examined the effect of Si on salt stressed wheat plants. 
They grew wheat with two levels of NaCl (0 and 100 mM), and three levels of Si 
(0, 0.25, and 0.5 mM). The different treatments were then tested for chlorophyll 
concentration, electrolyte leakage, relative water content (RWC), concentration of 
the amino acid proline, and dry mass and nutrient concentrations of both root and 
shoot fractions. The 0.5 mM Si and 100 mM NaCl combination had greater dry 
mass of both the root and the shoot fractions, increased chlorophyll, decreased 
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electrolyte leakage, increased RWC, reduced proline concentrations, and 
increased calcium and potassium concentrations when compared to the 0 mM Si 
and 100 mM NaCl combination, while reducing the concentration of sodium in 
both the roots and the shoots.   
Ming et al (2012) found that rice gown in a 2.5 mM Si solution and water 
stressed by PEG had higher water and osmotic potentials in roots and leaves 
while maintaining a higher turgor pressure than Si deficient plants. Hattori et al. 
(2008) showed that the growth rate of cucumbers given sudden osmotic stress 
was impacted less when supplied with Si. Chen et al. (2011) found that rice 
grown under water stress showed increased photosynthetic and transpiration 
rates when treated with Si.  
One notable effect of Si is the reduction of damage from heavy metals. In 
acidic soil conditions, aluminum toxicity creates serious problems for many 
plants. Singh et al. (2011) found that Si reduces the effect of toxic levels of 
aluminum on rice. Cadmium is also a metal of concern, and Si has been shown 
to reduce cadmium uptake and translocation in plants (Sarwar et al., 2010). 
Janislampi (2012) found that when corn plants were supplied with Si, it tended to 
reduce the foliar concentration of several metals, including copper, magnesium, 
iron, and zinc. 
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Silicon Effects on Yield 
One problem with many studies is that they only measure vegetative 
growth, and yield components are overlooked. As mentioned above, Tahir et al. 
(2012) studied the effects of Si on wheat, but terminated the study after 40 days, 
and was only able to show results from the vegetative parts of the plants. Ahmad 
et al. (1992) grew wheat until harvest but found variable yield results. Some 
studies, however, do suggest that Si increases yield. Toledo et al. (2012) 
reported that when a solution of Si was applied to the foliage, oat and wheat 
seeds were larger, while Prakash et al. (2011) found that rice also showed an 
increase in grain yield when sprayed with silicic acid. Postharvest fruit quality 
may also be improved in avocados when potassium silicate is sprayed on the 
harvested fruit (Tesfay et al., 2011). 
Overall, several studies have shown the beneficial effects of silica on plant 
growth. Further investigations under well controlled conditions will be important to 
understand quantitative aspects of the effects of silica on plant growth.  
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 OBJECTIVE 
 The objective is to determine the effect silicon has on wheat growth and 
yield components both under salt and drought stress, as compared to the 
unstressed condition.  
 HYPOTHESES 
Hypothesis 1: Silicon improves growth of wheat under drought or salt 
stress, and when unstressed. 
a) Wheat grown with added silicon will have greater vegetative mass 
than those grown without. 
b) Wheat grown with added silicon will have greater yield parameters 
than those grown without. 
a. Total seed yield will increase when silicon is added. 
b. Harvest index will increase when silicon is added. 
c. Water use efficiency will increase when silicon is added.  
d. Mass per seed will increase when silicon is added. 
c) There will be no interaction between stress and silicon concentration. 
Hypothesis 2: Silicon changes awn surface morphology 
a) Awn structures, specifically trichomes, will be changed by the 
addition of silicon. 
b) Wheat awns will be deformed if silicon is excluded. 
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Hypothesis 3: Wheat has active uptake of silicon 
a) Solution concentration of silicon will diminish more rapidly than 
would be explained by mass flow. 
Hypothesis 4: Silicon changes nutrient concentration in plant tissues 
a) Silicon will change the relative concentration of both macro and 
micronutrients. 
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 MATERIALS AND METHODS 
Drought Stress 
Three replications in time were completed. Trial 1 was grown from April-
June 2013, Trial 2 from August-November 2013, and Trial 3 from January-May 
2014. Each study had two water treatment levels and two silicon treatment 
levels, with each combination having four replications in the study. In total, each 
combination was replicated 12 times, for a total of 48 individual experimental 
units.   
For each trial, 16 separate, 37-liter containers were filled with moist peat 
until they had a uniform mass and volume. For trials 1 and 2, each container had 
six grams per liter of a slow release fertilizer (Polyon 16-6-13 90-day, Koch 
Agronomic Services, Wichita, KS) fertilizer pellets mixed into the peat, along with 
0.186 grams of iron EDDHA per container. Half the containers had four grams 
per liter dolomitic limestone mixed into the peat, while the other half had eight 
grams per liter of Plant Tuff (Levy Corp., Dearborn, MI), a silica containing slag 
compound, mixed into the peat.  Trial 3 was modified to include 5.4 grams per 
liter of the Polyon, seven grams per liter of the dolomitic limestone, and 12 grams 
per liter of the Plant Tuff, along with two grams of iron EDDHA per container.  
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Fig. 4. Wheat plants at heading growing in lysimeters.  Treatments were 
arranged so that the even numbered columns were high Si, odd numbered 
columns were low Si.  Even numbered rows were low drought stress, odd 
numbered rows were high drought stress.  Each combination of drought and 
silica was replicated four times. 
 
Each container was placed in a four by four array (Fig. 4) in a greenhouse 
in the USU Research Greenhouse complex, with each container on a load cell 
that was connected to a datalogger (Model CR-1000, Campbell Scientific, Logan, 
UT,) to continually record the mass of the container. A drip irrigation system was 
fitted to each container to allow for automatic watering. Ten 1000-watt high 
pressure sodium vapor lamps were placed above the containers to provide 
supplemental lighting. A quantum meter (Model MQ-200, Apogee Instruments, 
Logan UT,) was used to measure the photosynthetic photon flux (PPF) at the 
location of each container, and light uniformity for the array was calculated from 
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these measurements This uniformity data were compared to the total yield of the 
three wheat studies, but no correlation between yield and PPF was found, so no 
correction factor was used. 
A fertilizer solution (Peter’s 21-5-20) was leached through the containers 
three times to charge the peat with nutrient ions. Twenty-five wheat seeds 
(Triticum aestivum ‘USU-Apogee’) were planted in each container.  
 
 
Fig. 5. Time course of water depletion in the four treatments in Trial 3. Each line 
represents the average mass of four replicates. (Note that the Y-axis begins at 
11750 g, and the X-axis begins at 20 days after planting.) 
 
Throughout the study, half the containers were watered when their mass reached 
12 kg. The other containers were watered when their mass reached 
17kg. In both cases, the containers were watered until they reached 21 kg. Fig. 5 
shows the container mass during the watering period of Trial 3.  
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Plants were grown until most the seed heads had turned completely 
brown. At harvest, the heads were separated from the plant and threshed. All 
parts of the plant were then dried in an oven for at least two days, and then 
weighed. Yield parameters were calculated based on the dry masses. Tissue and 
seed samples from each container were tested for nutrient levels. 
 
Effect of Salt Stress 
Five replications in time were completed. Trial 1 was grown from 
September-December 2012, Trial 2 from April-June 2013, Trial 3 from August-
October 2013, Trial 4 from November 2013-February 2014, and Trial 5 from May-
July 2014. Each trial had two salt treatment levels, and three Si treatment levels, 
for a total of six combinations. There were no replications within the trials, so 
each combination has a total of five replications, for a total of 30 individual 
samples. 
For each study, wheat seeds (Triticum aestivum L, ‘USU-Apogee’) were 
germinated using rolled wet paper towels one week before planting.  Six 40-liter 
containers were filled with a modified Hoagland starter solution for monocots the 
day before planting. Each container had a bubbler installed to provide aeration 
for the roots through which a uniform amount of air was pumped. A foam top 
covered each container, with holes in the foam for the wheat plants. Soft foam 
plugs were cut to hold each wheat plant in place while it grew.  
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Fig. 6. Arrangement of treatments in the Hydroponic studies. In each study there 
were three levels of Si and two levels of salt stress.   
 
Four, 1000-W high pressure sodium vapor lamps were placed above the 
containers to provide supplemental lighting. Seven quantum sensors (Model SQ-
120, Apogee Instruments, Logan, UT) were placed so that each container had 
one sensor on either side. These sensors were attached to a datalogger (Model 
CR-1000, Campbell Scientific, Logan, UT.) at the beginning of the fourth wheat 
study, and light uniformity data were collected for 30 days. Based on the data 
collected, the four lights were moved to provide more uniform coverage of the 
containers. 
On the day of planting, seedlings were selected for vigor and uniformity 
and placed in the hydroponics containers. Pieces of foam were placed in the 
holes of the foam board to hold the plants in place, and the plants were 
positioned so that the roots dangled into the solution. Each of the three 
containers in a treatment received a different concentration of potassium silicate, 
0.0 mM, 0.3 mM, and 0.6 mM. Potassium sulfate was added to the containers 
that have 0.3 mM and 0.0 mM to balance the potassium across the treatments. 
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Throughout the study, measurements were taken of Si concentration in the 
nutrient solution using a colorimetric test (APPENDIX A). One day after planting 
(DAP), the silica levels were raised to the proper levels by adding a 0.1M KSiO4 
stock solution that had been lowered to a pH of ~6 with the addition of nitric acid. 
This silica level was tested at regular intervals.  
Additional KSiO4 was added to supplement the silica as needed. At two 
DAP, the salt level was raised in the salt treatment containers by adding a 
saturated NaCl solution. The salt level was raised about 200 mS m-1 (two dS m-1) 
Fig. 7. Cumulative Si added to Trial 5. The 0.0 mM Si treatments are excluded 
from graph. Dashed lines indicate the amount of Si the plants would have taken 
up if uptake were passive. Solid lines represent measured uptake of Si. Surface 
area was 0.16 m2 per container. 
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per day until the salt concentration reached 1200mS m-1 (12 dS m-1). EC was 
measured using an EC meter (HI 98188, Hanna Instruments, Woonsocket, RI). 
The data from Fig. 7 were used to compare the Si uptake rate for two 
growth periods. The first was when the plants were small, from day 17 to day 27. 
This period was used to determine if any Si was precipitating from the solution, 
causing errors in the uptake rate. The second period was when the plants were 
larger and growing quickly, from day 30 to day 40, and was used to determine 
the Si uptake rate. 
Two refill solutions consisting of a modified Hoagland solution were 
created to add solution to the containers as it was removed by 
evapotranspiration. The solutions differed only by silica levels; one had no silica 
added, the other had KSiO4 added to make the silica concentration equal 1mM. 
These solutions were added as needed when the solution level dropped, and the 
pH was monitored using a pH meter (Model 98411, Hanna Instruments, 
Woonsocket, RI) and adjusted using nitric acid to a pH of 6.0 ±0.2 
Plants were grown until most the seed heads had turned completely 
brown. At harvest, the heads were separated from the plant and threshed. The 
roots were separated from the vegetative tissue, and all parts of the plant were 
dried in an oven at 80 °C for at least two days, and then weighed. Yield 
parameters were then calculated based on the dry masses. Tissue and seed 
samples from each experimental unit were tested for nutrient levels.  
 
25 
 
Awn Surface Morphology 
Awns and other plant structures from both the hydroponic study and the 
lysimeter study were examined under a light microscope at 40X (Model Laborlux 
12 POL, Leitz, Austria) allowing close observation of differences among 
treatments. Awns were visually examined throughout the studies to look for 
symptoms of Si deficiency among treatment levels. 
 
Nutrient Balance 
Tissue samples from the roots, the stems, and the seeds were collected, 
dried, and ground. The ground samples were sent to a lab where they were 
digested and then analyzed using an ICP-OES for nutrient levels. The results 
were analyzed to determine if Si changes the relative concentration of nutrients 
in the plant tissue. 
Silica Testing 
The test used to determine Si levels in solution was the Heteropoly Blue 
method (APHA et al., 1985) using a colorimeter (Model Smart3, LaMotte 
Company, Chestertown, MD), as discussed in APPENDIX A.  
 
 Statistical Methods 
The drought-stress trials were created using a 2x2 factorial design, with four 
replicates of each combination for each study, and three separate replicates over 
time. The salt-stress trials were created using a 2x3 mixed factorial design. Each 
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study had one replicate per combination, and five separate replicates over time. 
Statistical analysis for each study was performed using SAS 9.4 (SAS Institute, 
Cary, NC), using the PROC GLM to perform an ANOVA on the data collected. 
The output was analyzed to confirm that the data met the normality and variance 
requirements of the ANOVA. 
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RESULTS 
Seed Yield 
The seed yield increased when Si was added to the hydroponic solution 
from 545 g m-2 at 0 mM Si to 678 g m-2 at 0.3 mM Si in the no stress and from 
206 g m-2 at 0 mM Si to 285 g m-2 at 0.3 mM Si in the high stress (Fig 8A.). This 
effect of silica was significant at p=0.02 and there was no significant interaction 
effect. (Table D-1). There was not a significant difference between the 0.3 mM to 
0.6 mM Si treatments.  
For wheat grown in the lysimeter system, the seed yield increased from 
65.4 grams per container at 0.3 mM Si to 71.4 grams per container at 1.3 mM Si 
(Fig 8B). This was not a significant effect, with a p value of 0.20 (Table D-2). 
 
Heads per m2 
There was no change in the number of heads per m2 with Si in either the 
salt stress or drought stress trials (Fig. A and Fig. B) (p=0.47 and p=0.14; Table 
D-9 and Table D-10). 
 
Seeds per Head  
The number of seeds per head was not significantly different with Si 
treatment in either the salt stress or drought stress trials (Fig. C and Fig. D) 
(p=0.49 and p=0.22; Table D-10 and Table D-11). 
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Mass per Seed 
The mass per seed did not change with the addition of Si in either the salt 
stress or drought stress trials (Fig. E and Fig. F) (p=0.39 and p=0.95; Table D-12 
and Table D-13). 
 
Harvest Index 
Silicon did not have a significant effect on harvest index under drought 
stress (Fig. D) (p=0.27, Table D-3), but in the hydroponics, there was a slight 
downward trend (Fig. C) (p=0.077, Table D-4). The interaction between Si 
treatment and the stress was not significant (p=0.40).  
In the hydroponics system with no stress, vegetative mass increased from 
310 g m-2 in the 0.0 mM Si treatment to 383 g m-2 in the 0.3 mM Si treatment, 
while under salt stress, the vegetative mass rose from 139 g m-2 at 0.0 mM Si to 
170 g m-2 at 0.3 mM Si. This effect was significant at p=0.0083 (Table D-5). 
There was not a significant difference between the vegetative mass from 0.3 mM 
to 0.6mM. The interaction between the Si treatment and the stress was not 
significant (p=0.28). 
In the lysimeter system, the vegetative mass of the low stress treatment 
rose from 1042 g m-2 at 0.3 mM Si to 1145 g m-2 at the 1.3 mM Si level. In the 
moderate stress treatment, vegetative mass rose from 763 g m-2 at 0.3 mM Si to 
881 g m-2 at the 1.3 mM level. These increases were significant at p=0.021 
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(Table D-6). The interaction between Si treatment and the stress was not 
significant (p=0.72). 
 
Water Use efficiency 
There was no a statistically significant difference in WUE between Si 
treatments in the hydroponics (Fig. E) (p=0.50, Table D-7). 
The lysimeter-grown wheat showed an increase in WUE when Si was 
added (Fig. F). For the low stress treatment, the WUE increased from 2.1 grams 
dry biomass per liter water to 2.3 g L-1. For the moderate stress treatment, the 
WUE increased from 2.1 g L-1 to 2.4 g L-1. This effect had a p value of 0.012 
(Table D-8). The interaction between Si treatment and the stress was not 
significant (p=0.79). 
30 
 
 
 Se
ed
 Yi
eld
 (g
 m
-2 )
0
200
400
600
800
1000
s -0.5 MPa
s -0.07 MPa
Moderate
Mild 
Ha
rve
st 
Ind
ex
0.0
0.1
0.2
0.3
0.4
0.5
s -0.5 MPa
s -0.07 MPa
Moderate
Mild 
 Root-Zone Si (mM)
0.0 0.3 0.6 0.9 1.2
Wa
ter
 Us
e E
ffic
ien
cy 
(g 
L-1
)
0.0
0.5
1.0
1.5
2.0
2.5
3.0
s -0.07 MPa
s -0.5 MPa
Root-Zone Si (mM)
0.0 0.3 0.6 0.9 1.2
Moderate 
Mild
Hydroponics
Salt Stress
Lysimeters
Water Stress
A B
D
E F
C
p=0.020
p=0.076
p=0.50
p=0.20
p=0.27
p=0.012
Fig. 8. Effect of silicon on wheat seed yield, harvest index, and water use 
efficiency in salinity and drought stress. Error bars (n= 5 for hydroponics; n= 3 for 
lysimeters) represent standard deviation. Differences among studies were 
normalized by calculating the difference of each treatment from the mean of the 
lowest Si treatment. 
31 
 
 
He
ad
s p
er 
m2
0
200
400
600
800
1000
1200
s -0.5 MPa
s -0.07 MPa
Moderate
Mild
Moderate 
Mild
Se
ed
s p
er 
He
ad
0
5
10
15
20
25
30
35
s -0.5 MPa
s -0.07 MPa
Root-Zone Si (mM)0.0 0.3 0.6 0.9 1.2
Ma
ss 
pe
r S
ee
d (
mg
)
0
5
10
15
20
25
30
35
s -0.07 MPa
s -0.5 MPa
Root-Zone Si (mM)
0.0 0.3 0.6 0.9 1.2
Moderate 
Mild
Hydroponics
Salt Stress
Lysimeters
Water Stress
A B
C D
E F
p=0.14 p=0.47
p=0.22 p=0.49
p=0.14
p=0.95p=0.40
Fig. 9. Effect of silicon on wheat seed head count, seeds per head, and mass per 
seed in salinity and drought stress. Error bars (n= 5 for hydroponics; n= 3 for 
lysimeters) represent standard deviation. Data were normalized by calculating 
the difference of each experimental sample from the mean of the control. 
 
32 
 
Leaf and Awn Morphology 
 
 Figure 10 shows an example of the visual differences in awn straightness 
when Si is added. The image shown is similar to what happened in both the 
hydroponic and lysimeter studies, where the low Si treatments had the twisted 
awns, while the middle and high treatments had straight awns. Although in this 
photo it appears that the head in the zero Si treatment is larger than the other 
heads, there was no significant difference in the number of seeds per head 
among treatments. 
 
 
 
Fig. 10. Differences in awn morphology (straightness) with Si levels. 
33 
 
 
Fig. 11. Density of trichomes on wheat awns with 0.6 mM Si and with 0.0 mM Si. 
 
Density of trichomes on the awns was increased as Si increased (Fig. 11).  
The leaves from the high Si treatments had a rough feel, similar to fine 
sandpaper, while the low Si leaves were smooth. Additionally, when leaves were 
removed from the stem, the high Si leaves were stiffer and did not bend as easily 
as the low Si leaves, suggesting that the Si provided structural support to the 
leaves. Under greenhouse conditions, there may not have been a benefit from 
this increased stiffness, but it may provide benefits in the field. Neither the awn 
trichome density nor the leaf roughness were measured in a quantitative way, so 
it was not possible to measure the statistical significance of these observations.  
 
0.6 mM Si
0.0 mM Si
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During the last two weeks of hydroponic Trial 5, some of the plants had 
become infected with powdery mildew. This started on the 0.0 mM Si treated 
plants, and spread to the 0.3 mM Si treated plants. The 0.6 mM treated plants did 
Fig. 12.  Hydroponic trial 5 powdery mildew infection.
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not have any apparent infection (Fig. ). Fig.  shows the difference between two 
leaves from the 0.0 and 0.3 mM Si treatments. Si induced resistance in wheat to 
powdery mildew has been reported by other researchers such as Belanger et al. 
(2003), and Rémus-Borel et al (2005). 
 
 
 
 
Active Uptake of Silicon 
The Si concentration in the nutrient solution from day seven until day 47 in 
hydroponic Trial 5 is shown in Fig. E-4. From day seven until day 17, no Si was 
added to the solution, but the concentration declined only gradually. This 
indicates minimal precipitation of Si in solution. From day 22 to 40, the silica 
Fig. 13. Hydroponic trial 5 powdery mildew infection comparison. 
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concentrations dropped rapidly, making it necessary to replenish the supply 
frequently. For example, on day 31, the Si concentration in the highest Si 
treatment was measured at 0.39 mM, and 140 ml of 0.1M K2SiO4 was added to 
bring the solution up to a concentration of 0.7 mM. The following day, the 
concentration was measured to be 0.36 mM, meaning that the plants had 
removed 14 millimoles of Si from the container, while at the same time, only four 
liters of solution were transpired. 
 
Nutrient Concentration  
 The amount of Si that was accumulated in the stems and seeds of wheat 
plants grown in the lysimeters is shown in Fig. . Not surprisingly, the  
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concentration in the stems increased greatly from the low Si treatment to the high 
Si treatment. Not much Si accumulated in the seeds, however, and even the 
amount detected may only be contamination from the chaff, as the seeds were 
not washed after threshing.  
 
 
 
 
Fig. 15. Si concentration in the leaves, roots, and seeds of hydroponics trials 2 
through 4and the Si concentration in the chaff of Trial 4. Error bars represent 
the standard deviations of three replicates. Note the different scales in the Y 
axis. 
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As SI concentrations in solutions increased, so did the amount of SI 
deposited in each part of the plant (Fig. 14). 
Roots accumulated relativly little Si when compared to the leaves and the 
chaff. Seeds accumulated less than 0.1% of Si at the 0.6 mM Si treatment level, 
and what was detected may be attributed to contamination from the chaff during 
threshing.  
Si mass balance was calculated for hydroponic Trial 4. The recovery of Si 
was 75%. Table 1 shows that more than 95% of the Si added was eventually 
deposited into the stems and leaves or the chaff. In the high stress treatments, 
between 45-50% of the total Si accumulated in the stems and leaves, compared 
to 32-33% in the low stress treatments. In the high stress treatments, 47-50% of 
the total Si accumulated in the chaff, while in the low stress treatments, 63-66% 
of the total Si was found in the chaff. 
 
Table 1. Distribution of Si among plant parts in Hydroponic Trial 4.   
 High Stress 0.6 mM Si 
  % Si of total dry mass Mass (g) % Distribution
Stems and Leaves 5.5 28 45 
Chaff 7.9 22 50 
Roots 1.6 6.7 3.1 
Seed 0.1 53 2.1 
Total  110 g 100 %
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The effect of Si on the relative nutrient concentration in wheat plants is 
shown in Fig.  and Fig. . Cu was not affected by the addition of Si. N, P, K, Ca, 
S, Fe, Mn, Zn, and B were not consistently affected by the addition of Si. In all 
the treatments, the concentration of Mg and Mo declined when Si was added.  
In the lysimeter trial, P, Ca, Mg, S, and Fe had different slopes between 
the High and Low Si treatments for the different water stress levels. In the 
hydroponics trials, P, Mn, and Cu had a downward slope through all three Si 
levels (except the anomalous Cu dip at the 0.6 mM Si in the low stress 
treatment), while N, K, Ca, Mg, S, Fe B, and Mo concentrations sloped down 
between the 0 and 0.3 mM Si levels, but were not different between 0.3 and 0.6 
mM Si.  
The relative concentrations of each nutrient at different stress levels was 
inconsistent across trials. In the lysimeter study, P, Ca, Mg, and Fe had 
significantly higher concentrations when drought stress was higher, while Mo had 
higher concentration when drought stress was lower. Other nutrients were either 
not significantly different and the different stress levels (such as K), or crossed 
(S).  
In the hydroponics studies, N, Fe, Mn, Zn, and Mo had higher 
concentrations when salt stress was greater, while P, K, Ca, Mg, S, B and Cu 
had higher concentrations when the salt stress was lower. 
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Fig. 16. Nutrient concentration in leaves of wheat plants in lysimeter trial 2. Error 
bars represent the standard deviation of four replicates. Shaded areas show 
nutrient sufficiency range according to Marschner (2012). 
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Fig. 17. Nutrient concentration in leaves from hydroponics trials 2, 3 and 4. Error bars 
represent the standard deviation of three replicates. Shaded areas show nutrient 
sufficiency range according to Marschner (2012). 
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 DISCUSSION 
Vegetative Mass 
Wheat grown with added Si had significantly greater vegetative mass than 
wheat grown with little or no Si, both under drought and under salinity stress. 
Tuna et al (2008) and Tahir et al. (2012) both found that wheat grown under salt 
stress had greater vegetative yield when supplemented with Si, but neither 
showed an increase in yield for the unstressed wheat. However, Tahir et al 
(2006) found that wheat grown in soil and fertilized with calcium silicate had 
increased dry shoot mass under both salt stressed and unstressed conditions. 
 
Seed Yield 
These studies indicate that Si can increase seed yield in wheat, but that 
the benefit occurs in the 0.0 to 0.3 mM range. Other researchers, such as Rains 
et al (2006), Shetty et al (2012), Tahir et al (2006 and 2012), have demonstrated 
results using levels of Si that are not found in field soil solutions, with some as 
high as 3.6 mM Si, but had not determined if the lower levels often found in soil 
solutions were adequate. These results suggest that there may be no further 
improvement in wheat yield when soil solution Si levels are at or above 0.3 mM. 
Higher levels of Si may still provide other benefits to wheat, such as enhanced 
protection against insects, disease, and heavy metals, but there does not seem 
to be a benefit for yield.  
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Yield Components 
Because seed yield increased significantly from 0.0 mM Si to 0.3 mM Si, 
there must have been an increase in yield components. However, the statistical 
analysis of the yield components did not find any significant differences between 
those levels. The number of heads per m2 (p=0.14), seeds per head (p=0.22), 
and mass per seed (p=0.40) did increase between the 0.0 and 0.3 mM Si levels, 
suggesting that a combination of the components led to the overall increase in 
seed yield. Mass per seed did not change significantly which supports the 
findings of Ahmad et al (1992), but contradicts those of Toledo et al. (2012). 
 
Harvest Index 
Harvest index did not increase when Si was added, which may be 
because the added Si causes the vegetative parts of the plant to have an 
increased mass. Because harvest index is the ratio of yield to total dry mass, this 
increase in dry mass would counteract the increased yield noted from 0.0 to 0.3 
mM Si. This matches the results of Tahir et al. (2006), who also found no change 
in the harvest index of wheat grown with Si under salt stress. Rice, however, 
does show an increase in harvest index with the addition of SI as shown by 
Detmann et al. (2012), which means that some species of plants benefit more 
from Si. 
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Water Use Efficiency 
 Water use efficiency increased significantly for the wheat grown in the 
lysimeter system, but the increase for the hydroponics was not significant. As 
with the vegetative mass, there was no interaction between the drought or 
salinity stress and Si, meaning that the unstressed plants benefited as much from 
the addition of Si as the stressed ones.  
 
Awn and Leaf Morphology 
Awns were observed to have greater numbers and density of trichomes on 
their surface when Si was added.  Additionally, awns showed a strong tendency 
to twist when Si levels were below 0.3 mM, which was very consistent across 
studies and replications. Leaves and awns were rougher when Si concentration 
was above 0.3 mM, which is hypothesized to have been caused by an increase 
in trichome size and density. This increase in roughness was noted by Rafi et al. 
(1996), who found that awn from +Si wheat slid down an inclined plane at a 
greater angle than awns from -Si wheat. 
Future studies should quantify the changes in awn morphology between 
different levels of Si. It is important to understand why the awns become twisted 
when the soil solution drops, including the molecular changes that happen in the 
plant. In these studies, many attempts were made to capture leaf trichome size 
and density using a microscope, but the pictures captured were not clear enough 
for analysis. Rafi et al (1996) used X-ray microanalysis to detect Si in wheat 
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awns, which may be an adequate way to test the presence of Si, but is limited to 
labs that have access to such equipment. A better method of quantifying the 
distribution of trichomes should be used to measure leaf trichome differences as 
Si concentration varies. 
 
Interaction of Silicon and Stress 
Epstein (1994) and many other researchers, including Tahir et al. (2012),  
and Tuna (2008),have claimed that Si provides the greatest benefits when stress 
levels are high. In these studies, the interaction between Si and stress was never 
significant, and was highly insignificant in most cases. This means that Si will 
provide just as great a benefit to plants that are not undergoing stress as those 
that are, making it much easier to determine when Si should be applied to wheat.     
 
Active Uptake of Silicon 
The data indicate that wheat actively uptakes Si, as the amount of Si 
taken out of the solution is much higher than can be explained by mass flow. 
Plants removed as much as 3.5 millimoles of Si per liter transpired, over five 
times more than what was in the solution concentration. Ma and Yamaji (2008) 
found Si transporters in rice, cucumbers and tomatoes. These results suggest 
that wheat has a transporter that moves Si into the xylem from the soil solution. 
In the lysimeter system, the amount of Si in the tissue versus the 
concentration of Si in the root-zone solution was much lower than in the 
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hydroponic system. The constant aeration of the hydroponic solutions would 
have allowed for a minimal depletion zone, maintaining the Si concentration at 
the root surface at nearly the same concentration as the bulk solution.  In the 
lysimeters, the roots would have likely created a zone of depletion around them, 
and lowered the Si at the root surface. When the containers were leached to 
determine soil Si availability, it likely flushed the Si out of the areas that were not 
mined by the roots, accounting for the much greater Si levels in the leachate than 
would be expected for the tissue Si concentration.   
Future studies should be conducted to whether wheat actively uptakes Si, 
and should continue to quantify the rate at which it takes it up.  Also, the identity 
of any transporters should be determined, and the genes that are involved with 
active uptake should be found and assessed. Finally, it would be beneficial to 
know whether the genes are expressed more when Si levels are low.  
 
Nutrient Concentration 
The general downward trend in several nutrient concentrations at elevated 
Si levels may be due to the increased biomass that was observed. This 
downward movement in the concentration of other metals and nutrients supports 
the findings of Sing et al (2011), Sawar et al (2010), and Janislampi (2012), who 
all found a similar reduction of nutrients. It does not appear that Si helps with 
nutrient deficiencies in any of the essential macro- or micro-nutrients but it may 
help reduce the toxic effects of metals such as aluminum and cadmium.  
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Conclusion 
Several previous studies have concluded that Si provides more benefits 
when the plants are stressed, and that unstressed plants are not benefited by the 
addition of Si. There was no interaction with salt or drought stress in these 
studies, which suggests that unstressed wheat plants benefit as much from Si 
treatments as stressed plants.  
One pressing question is whether wheat growers should fertilize with Si. 
The results of this study indicate that the greatest benefit occurs when 
concentration increases from 0.0 to 0.3 mM, so Si fertilization may provide yield 
benefits in soils that have Si levels lower than 0.3 mM in the soil solution. Epstein 
(1994) reports that typical Si soil solution concentrations range from 0.1 to 0.6 
mM, which suggests that highly weathered soils which are low in Si would be 
unable to provide adequate amounts of Si to wheat, especially because wheat 
can actively uptake the Si. Additionally, because there was no statistically 
significant interaction between stress and Si, it may not be necessary for a 
grower to fertilize with Si only when plants will be stressed enough for the Si to 
provide a benefit. Finally, it would be beneficial if the rate of dissolution of Si in 
various soils was better quantified to determine under which conditions Si 
fertilization would be beneficial.    
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APPENDIX A HETEROPOLY BLUE METHOD 
Sydney Bone and Spencer Tibbitts 
The following procedure was used to analyze the silicic acid in solution:  
1. Fill a vial with 10 mL of the sample. Dilute it as needed, as the range of 
the “Silica Lo” test is from 0.05 to 4.00 ppm (0-0.067 mM), and the range 
of the “Silica Hi” test 0.5 to 75 ppm. 
2. Turn on the colorimeter (Model Smart3, LaMotte Company, Chestertown, 
MD) and select the test suited to the range that is desired.  
3. Scan a reagent blank (DI water that has been run through the test 
procedure) to correct for any impurities in the reagents. 
4. Prepare the sample: 
a. Using the dropper supplied with the test, add 6 drops of Silica 
Reagent #1 (HCl) to lower the pH. 
b. Cap and invert to mix. 
c. Add 12 drops of Silica Reagent #2 (Ammonium Molybdate). This 
forms molybdosilicic acid, which has a yellow tint. 
d. Cap and invert to mix. 
e. Wait 5 minutes. 
f. Add 8 drops of Silica Reagent #3 (Oxalic Acid). This decomposes 
any phosphomolybdic acid that would interfere with the test. 
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g. Wait 2 minutes. At this point, the yellow color can be read using the 
“Silica Hi” test. To improve sensitivity, the “Silica Lo” test can be 
used, which includes the following steps: 
h. Add 1 scoop (0.1 g) of Silica Reagent #4 (Ascorbic Acid). This 
reduces the molybdosilicic acid into molybdenum blue, with the 
intensity of the blue color being relative to the concentration. 
i. Wait 5 minutes. 
j. Scan the sample in the colorimeter.  
5. If the sample was diluted, multiply the concentration (in ppm) given on the 
screen by the dilution factor to obtain the concentration of the original (pre-
diluted) sample.  
6. To obtain a value in millimoles per liter (mM), divide the given ppm value 
by 60.084.  
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A B
C D
Fig. A- 1. Silicon test procedure. A: HCI being added to acidify the sample; B: The yellow 
color from the molybdate compounds; C: Ascorbic acid being added; D: The result 
before being read by the colorimeter. 
. 
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APPENDIX B HYDROPONIC NUTRIENT SOLUTION 
Table B-1. Hydroponics nutrient solution used in these studies (Adjusted from 
Utah Monocot Solution, USU Crop Protection Lab (2015)). 
  
Starter Nutrient 
Solution  
Refill Nutrient 
Solution  
Salt Stock Conc. mL per 100 L Final Conc. mL per 100 L Final Conc. 
Ca(NO3)2 1 M 100 1 mM 100 1 mM 
K(NO3) 2 M 50 4 mM 200 4 mM 
KH2PO4 0.5 M 10 0.05 mM 100 0.5 mM 
MgSO4 1 M 50 0.5 mM 50 0.5 mM 
K2SiO3 0.1 M 0 0 M 0 0 M 
K2SO4 1.5 M 0 0 M 0 0 M 
FeCl3 50 mM 40 20 μM 20 10 μM 
Fe-
HEEDTA 100 mM 50 50 μM 25 25 μM 
MnCl2 60 mM 5 3 μM 5 3 μM 
ZnCl2 20 mM 30 6 μM 30 6 μM 
H3BO3 40 mM 5 2 μM 5 2 μM 
CuCl3 20 mM 15 3 μM 15 3 μM 
Na2MoO4 1 mM 10 0.1 μM 10 0.1 μM 
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APPENDIX C EFFECT OF SILICA ON CORN  
Introduction 
Silicon is taken up in large amounts by many important crop plants, to the 
extent that its concentration in the plant exceeds that of many macronutrients. 
Early studies to determine if it was essential for plant growth failed because it 
could not be eliminated completely from nutrient solutions. Despite it being 
deemed inessential by most plant scientists, a growing number of studies have 
shown that Si can provide significant benefits to plants, including enhanced 
resistance to powdery mildews, increased structural strength, decreased 
palatability to insects and herbivores, and reduced damage from aluminum and 
cadmium. These studies examined the effect of Si on drought and salt stressed 
corn. 
 
Materials and Methods 
 
Drought Stress 
Sixteen, 21-liter containers were filled with moist peat until they had a 
uniform mass and volume. All containers contained 127.2 grams of Polyon 16-6-
13 fertilizer.  Odd-numbered containers also contained 63.6 grams (3 g/L) 
Dolomite AgLime.  Even-numbered containers contained 127.2 grams (6 g/L) 
PlantTuff. The peat was wetted and well mixed with the fertilizer and liming 
agent.   
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The containers were placed in a 4 by 4 array in the USU Research 
Greenhouse complex, with each container on a load cell that was connected to a 
datalogger (Model CR-1000, Campbell Scientific, Logan, UT) to continually 
record the mass of the container. A drip irrigation system was fitted to each 
container to allow for automatic watering. Half the containers were watered when 
they reached 6kg, while the others were watered when they weighed 7kg. In both 
cases, the containers were watered until they reached a mass of 11kg. 
Six corn seeds (Zea mays Garst LL/CB 8562) were planted in each 
container. At 16 DAP the plants were thinned to 4 plants per container. Plants 
were then harvested one at a time at 28 DAP, 40 DAP, 51 DAP, and 60 DAP.  
The fresh and dry masses were collected, and the plants were ground and sent 
to a lab for nutrient testing. 
 
Salinity Stress 
One week before planting, corn seeds (Zea mays Garst LL/CB 8562) were 
germinated using rolled wet paper towels.  Six 40-liter containers were filled with 
a modified Hoagland starter solution for monocots the day before planting. Each 
container had a bubbler installed to provide aeration for the roots through which a 
uniform amount of air was pumped. A foam top covered each container, with 
holes in the foam for the corn plants. 
On the day of planting, seedlings were selected for vigor and uniformity 
and placed in the hydroponics containers. Pieces of foam were placed in the 
holes of the foam board to hold the plants in place, and the plants were 
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positioned so that the roots dangled into the solution. Each of the 3 containers in 
a treatment received a different concentration of sodium silicate, 0.0 mM, 0.4 
mM, and 0.8 mM. Sodium chloride was added to the containers that have 0.4 
mM and 0.0 mM to balance the sodium across the treatments. Throughout the 
study, measurements were taken of Si concentration in the nutrient solution 
using a colorimetric test. Six days after planting (DAP), the silica levels were 
raised to the proper levels by adding a NaSiO3 stock solution that had been 
lowered to a pH of ~6 using 0.1 Molar nitric acid. This silica level was tested at 
regular intervals. Additional NaSiO3 was added to supplement the silica as 
needed. At 12 DAP, the salt level was raised in the salt treatment containers by 
adding a concentrated NaCl solution. 
Two refill solutions consisting of a modified Hoagland solution were 
created to add solution to the containers as it was removed by 
evapotranspiration. The solutions differ only by silica levels; one had no silica 
added, the other had KSiO4 added to make the silica concentration equal 1mM. 
These solutions were added as needed when the solution level dropped, and the 
pH was monitored and adjusted using nitric acid to a pH of 6±0.2. 
 
Results 
 
Drought Stress 
Fig. C-1A shows that the addition of Si did not have a significant effect on 
vegetative mass at either stress level. Additionally, as the treatments progressed, 
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Si concentrations in the leaves generally declined as the plants grew older (Fig. 
C-1B), and the high stress plants had a slightly higher concentration than the low 
stress plants.  
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Fig. C-1. Effect of silicon on A: corn vegetative mass; B: tissue Si concentration 
in lysimeters. 
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Salinity Stress 
Fig. C-2: A and B show that there were no significant differences between Si 
treatment levels on either vegetative or root mass. Si concentration in leaves 
increased significantly when Si was added, to a maximum of 1% at 0.8mM Si 
added. 
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Fig. C-2. Effect of Si on A: corn vegetative mass; B: root mass; C: tissue Si 
concentration in hydroponics. 
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Discussion 
The addition of Si did not improve vegetative mass of corn for the first 60 days of 
growth. As this represents just half of the complete lifecycle of corn, it may not be 
an accurate representation of what the final result would be if the plants were 
grown to yield. Other benefits of Si that may not be shown in a study like this may 
include an increase in stalk strength, or protection against the many insects and 
diseases that cause so much damage to corn. 
As Si has proven to be so beneficial to so many plants, it deserves further study 
into what effects it has on corn because of the importance of this crop. 
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APPENDIX D STATISTICAL SUMMARY 
Table D-1. ANOVA table for seed yield in hydroponics. 
Source DF Type I SS Mean Square F Value Pr > F
Silica 2 1764 882 6.61 0.0202
Salt 1 29351 29351 219.85 <.0001
Silica*Salt 2 200 100 0.75 0.5030
Trial 4 17326 4331 32.44 <.0001
Trial*Silica 8 1002 125 0.94 0.5348
Trial*Salt 4 10869 2717 20.35 0.0003
 
Table D-2. ANOVA table for seed yield in three lysimeter trials. 
Source DF Type I SS Mean Square F Value Pr > F
Silica 1 425 425 1.69 0.2017
Water 1 6875 6875 27.28 <.0001
Silica*Water 1 6 6 0.02 0.8783
Trial 2 2514 1257 4.99 0.0119
Water*Trial 2 1567 784 3.11 0.0561
Silica*Trial 2 224 112 0.44 0.6443
 
Table D-3. ANOVA table for harvest index in three lysimeter trials. 
Source DF Type I SS Mean Square F Value Pr > F
Silica 1 0.0012 0.0012 1.25 0.2700
Water 1 0.0108 0.0108 11.17 0.0019
Silica*Water 1 0.00001 0.00001 0.01 0.9221
Trial 2 0.0165 0.0083 8.58 0.0008
Water*Trial 2 0.0003 0.0001 0.13 0.8766
Silica*Trial 2 0.0053 0.0026 2.73 0.0783
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Table D-4. ANOVA table for seeds per head in three lysimeter trials. 
Source DF Type I SS Mean Square F Value Pr > F
Silica 1 25754711 25754711 2.74 0.1062
Water 1 298328684 298328684 31.72 <.0001
Silica*Water 1 910912 910912 0.10 0.7573
Trial 2 81831640 40915820 4.35 0.0199
Water*Trial 2 50511691 25255845 2.69 0.0811
Silica*Trial 2 952006 476003 0.05 0.9507
 
Table D-5. ANOVA table for harvest index in hydroponics 
Source DF Type I SS Mean Square F Value Pr > F
Silica 2 0.0016 0.00079 3.63 0.0757
Salt 1 0.0038 0.0038 17.53 0.0030
Silica*Salt 2 0.00069 0.00034 1.58 0.2642
Trial 4 0.044 0.011 50.93 <.0001
Trial*Silica 8 0.0022 0.00027 1.25 0.3800
Trial*Salt 4 0.034 0.0085 38.90 <.0001
 
Table D-6. ANOVA table for stem and leaf mass in hydroponics 
Source DF Type I SS Mean Square F Value Pr > F
Silica 2 523 261 9.27 0.0083
Salt 1 7727 7727 273.95 <.0001
Silica*Salt 2 85 42 1.50 0.2799
Trial 4 6421 1605 56.92 <.0001
Trial*Silica 8 225 28 1.00 0.5005
Trial*Salt 4 1589 397 14.08 0.0011
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Table D-7. ANOVA table for stem and leaf mass in three lysimeter trials 
Source DF Type I SS Mean Square F Value Pr > F
Silica 1 249 249 5.79 0.0211
Water 1 620 620 14.40 0.0005
Silica*Water 1 6 6 0.13 0.7209
Trial 2 1025 512 11.89 <.0001
Water*Trial 2 304 152 3.53 0.0393
Silica*Trial 2 40 20 0.46 0.6353
 
Table D-8. ANOVA table for WUE for hydroponics trials 1, 4 and 5 
Source DF Type I SS Mean Square F Value Pr > F
Silica 2 0.15 0.073 0.83 0.4990
Salt 1 3.3 3.3 37.76 0.0036
Silica*Salt 2 0.17 0.086 0.98 0.4501
Trial 2 2.33 1.2 13.32 0.0170
Trial*Silica 4 0.33 0.083 0.94 0.5216
Trial*Salt 2 0.26 0.13 1.51 0.3245
 
Table D-9. ANOVA table for water use efficiency in three lysimeter trials 
Source DF Type I SS Mean Square F Value Pr > F
Silica 1 0.73 0.73 6.97 0.0120
Water 1 0.0073 0.0073 0.07 0.7919
Silica*Water 1 0.0083 0.0083 0.08 0.7788
Trial 2 9.3 4.77 44.83 <.0001
Silica*Trial 2 0.068 0.034 0.33 0.7231
Water*Trial 2 0.034 0.0177 0.16 0.8492
 
Table D-10. ANOVA table for head count in hydroponics trials 1, 3, 4, and 5 
Source DF Type I SS Mean Square F Value Pr > F
Silica 2 1096 548 2.81 0.1375
Salt 1 29416 29416 151.01 <.0001
Silica*Salt 2 7.1 3.6 0.02 0.9819
Trial 3 7268 2423 12.44 0.0055
Trial*Silica 6 1049 175 0.90 0.5504
Trial*Salt 3 12057 4019 20.63 0.0015
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Table D-11. ANOVA table for head count for lysimeter trials 2 and 3 
Source DF Type I SS Mean Square F Value Pr > F
Silica 1 88 88 0.53 0.4724
Water 1 2329 2329 14.13 0.0009
Silica*Water 1 0.28 0.28 0.00 0.9674
Trial 1 226 226 1.37 0.2530
Silica*Trial 1 81 81 0.49 0.4891
Water*Trial 1 428 428 2.59 0.1198
 
Table D-12. ANOVA table for seeds per head in hydroponics trials 1, 3, 4, and 5 
Source DF Type I SS Mean Square F Value Pr > F
Silica 2 17 8.3 1.97 0.2197
Salt 1 505 505 119.93 <.0001
Silica*Salt 2 26 13 3.07 0.1206
Trial 3 254 85 20.09 0.0016
Trial*Silica 6 35 5.8 1.37 0.3552
Trial*Salt 3 154 51 12.21 0.0058
 
Table   D-13. ANOVA table for seeds per head for lysimeter trials 2 and 3. 
Source DF Type I SS Mean Square F Value Pr > F
Silica 1 8.5 8.5 0.48 0.4935
Water 1 277 277 15.82 0.0005
Silica*Water 1 0.078 0.078 0.00 0.9473
Trial 1 41 41 2.33 0.1394
Silica*Trial 1 1.5 1.5 0.09 0.7718
Water*Trial 1 0.36 0.36 0.02 0.8870
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Table D-14. ANOVA table for mass per seed in three lysimeter trials. 
Source DF Type I SS Mean Square F Value Pr > F
Silica 1 0.019 0.019 0.00 0.9511
Water 1 2.14 2.14 0.43 0.5147
Silica*Water 1 4.86 4.86 0.98 0.3275
Trial 2 39.58 19.79 4.01 0.0264
Silica*Trial 2 25.29 12.64 2.56 0.0907
Water*Trial 2 4.42 2.21 0.45 0.6426
 
 Table D-15. ANOVA table for mass per seed in hydroponics trials 1-4. 
Source DF Type I SS Mean Square F Value Pr > F
Silica 2 8.7 4.3 1.09 0.3944
Salt 1 30 30 7.62 0.0328
Silica*Salt 2 1.6 0.79 0.20 0.8238
Trial 3 132 44 11.05 0.0074
Trial*Silica 6 25 4 1.06 0.4722
Trial*Salt 3 25 8 2.12 0.1993
 
Table D-16. ANOVA table for chaff mass in three lysimeter trials. 
Source DF Type I SS Mean Square F Value Pr > F
Silica 1 298 298 6.86 0.0126
Water 1 495 495 11.38 0.0017
Silica*Water 1 0.7 0.7 0.02 0.9016
Trial 2 267 133 3.07 0.0582
Water*Trial 2 251 125 2.89 0.0682
Silica*Trial 2 5 2 0.06 0.9399
 
Table D-17. ANOVA table for root mass in hydroponics. 
Source DF Type I SS Mean Square F Value Pr > F
Silica 2 41 21 2.63 0.1327
Salt 1 226 226 28.94 0.0007
Silica*Salt 2 16 7.9 1.01 0.4061
Trial 4 97 24 3.11 0.0806
Trial*Silica 8 55 6.9 0.88 0.5705
Trial*Salt 4 185 46 5.92 0.0162
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APPENDIX E SUPPLEMENTARY GRAPHS 
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Fig. E-1. Effect of amendments on available Si in peat. From 
Janislampi, 2012. 
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Fig. E-10. Effect of pH on the activity of silicic acid species. From Lindsay, 1979.
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Table E-1. Lysimeter lighting uniformity (µmol m-2 s-1). 
 
Table E-2. Hydroponics lighting uniformity. 
 
Lysimeter Supplemental PPF Uniformity  
 No Si Si No Si Si Row Average STD Dev
Low Stress 430 463 435 408 434 20 
High Stress 505 498 428 379 452 52 
Low Stress 496 483 419 373 443 50 
High Stress 405 441 437 359 411 33 
Column Average 459 471 429 379 Overall Average 435 
STD Dev 43 21 7 18 STD Dev 44 
Hydroponics Supplemental PPF Uniformity  Tub 1 Tub 2 Tub 3 Tub 4 Tub 5 Tub 6 
Variation From Mean -3% 0% -1% 1% 8% 3% 
 Hydroponics Electric Light Uniformity After Adjustment  Tub 1 Tub 2 Tub 3 Tub 4 Tub 5 Tub 6 
Variation From Mean -3% 3% 2% 1% 5% 0% 
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Fig. E-11. Cumulative Si added to Trial 1. 0.0 mM Si treatment excluded from 
graph. 
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Fig. E-12. Si concentration of hydroponic study 5. Includes both measured 
values and calculated values after supplemental Si was added to solution. 
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APPENDIX F INDIVIDUAL TRIAL HARVEST DATA  
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Fig. F-1. Hydroponic Trial 1 harvest.
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Fig. F-2. Hydroponic Trial 2 harvest. Missing components were not measured in 
this trial. 
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Fig. F-3. Hydroponic Trial 3 harvest.
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Fig. F-4. Hydroponic Trial 4 harvest.
Hydroponics Trial 4
Seed Yield
Se
ed
 Yi
eld
 (g
 m
-2 )
0
200
400
600
800
1000
1200
1400
Harvest Index
Ha
rve
st 
Ind
ex
0.0
0.1
0.2
0.3
0.4
0.5
0.6
Seed Head Count
He
ad
s p
er 
m2
0
200
400
600
800
1000
1200
Seeds per Head
Se
ed
s p
er 
He
ad
0
5
10
15
20
25
30
35
Mass per Seed
Si (mM)
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Ma
ss
 pe
r S
ee
d (
mg
)
0
5
10
15
20
25
30
35
Water Use Efficiency
Si (mM)
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
WU
E (
g L
-1 )
0.0
0.5
1.0
1.5
2.0
2.5
         Salt Stress
s=-0.5 MPa
s=-0.07 MPa
78 
 
Fig. F-5. Lysimeter Trial 5 harvest. 
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Fig. F-6. Lysimeter Trial 1 harvest.
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Fig. F-7.  Lysimeter Trial 2 harvest.
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Fig. F-8. Lysimeter Trial 3 harvest.
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